Waste lagoons of swine operations are a source of Cryptosporidium oocysts. Few studies, however, have reported on oocyst concentrations in swine waste lagoons; none have reported on oocyst viability status, nor has there been a systematic assessment of species/genotype distributions across different types of swine facilities. Ten swine waste lagoons associated with farrowing, nursery, finishing, and gestation operations were each sampled once a month for a year. Oocysts were extracted from triplicate 900-ml effluent samples, enumerated by microscopy, and assessed for viability by dye exclusion/vital stain assay. DNA was extracted from processed samples, and 18S ribosomal DNA (rDNA) genes were amplified by PCR and sequenced for species and genotype identification. Oocysts were observed at each sampling time at each lagoon. Annual mean concentrations of total oocysts and viable oocysts ranged between 24 and 51 and between 0.6 and 12 oocysts ml ؊1 effluent, respectively. The species and genotype distributions were dominated (95 to 100%) by Cryptosporidium suis and Cryptosporidium pig genotype II, the latter of which was found at eight of the lagoons. The lagoon at the gestation facility was dominated by Cryptosporidium muris (90%), and one farrowing facility showed a mix of pig genotypes, Cryptosporidium muris, and various genotypes of C. parvum. The zoonotic C. parvum bovine genotype was observed five times out of 407 18S rDNA sequences analyzed. Our results indicate that pigs can have mixed Cryptosporidium infections, but infection with C. suis is likely to be dominant.
Over the last few decades, pork production in North America has undergone significant growth and centralization into large concentrated swine (Sus scrofa) operations with more animals on fewer farms (18) . A consequence of the increase in numbers of swine per facility is a concomitant increased concentration of swine waste. Present housing facilities for swine are designed to collect feces and urine in wastewater lagoons, in which the waste undergoes anaerobic transformations. One of several public health concerns over swine lagoons is the potential presence of infectious bacteria, viruses, and protozoa (4) . Because of the notoriety given to swine waste lagoon spills in the coastal flood plain of North Carolina that were associated with a series of hurricanes in 1998 and 1999 (21) , largescale swine operations have become a focus of environmental and public health concerns.
The cause of the massive outbreak of cryptosporidiosis in Milwaukee, WI, in 1993 was afterwards determined to be Cryptosporidium hominis, the human genotype of C. parvum and an obligate parasite of humans (33, 44) . At the time, however, it was thought to be caused by C. parvum (22) . Because of this initial misidentification of the cryptosporidial source of the outbreak, the connection between C. parvum and large-scale confined livestock operations has become a focused area of research. Although manure-associated outbreaks of C. parvum have implicated bovine sources, a Canadian study found that the prevalence of Cryptosporidium in swine lagoons was greater than that in dairy liquid manure (9) . Olson et al. (24) also reported the presence of Cryptosporidium oocysts of undetermined genotype at four of six hog operations in Canada. Atwill et al. (2) observed C. parvum oocysts in feces of feral pigs. Hutchison et al. (13) observed C. parvum oocysts of undetermined genotype in 5 and 13% of fresh and stored fecal samples, respectively, from pigs of undeclared age. Guselle et al. (10) followed the course of a naturally occurring C. parvum infection in 33 weaned pigs. Following the protocol of the genetic analysis of Morgan et al. (23) , Guselle et al. (10) identified this C. parvum genotype as being adapted to pigs. At the time, the zoonotic potential of this C. parvum pig-adapted genotype was considered uncertain (23) .
Recently, two genotypes of Cryptosporidium have been recognized as host adapted to swine: Cryptosporidium suis (formerly Cryptosporidium pig genotype I) and Cryptosporidium pig genotype II (28, 29) . Xiao et al. (37) reported on an immunocompromised person who was infected with a Cryptosporidium pig genotype and thus implicated Cryptosporidium from swine as potentially zoonotic and a public health concern. Before molecular methods were developed to differentiate pig genotypes of Cryptosporidium from other species, C. parvum was thought to infect 152 species of mammals and consist of several cryptic species (6) . An extensive survey of swine effluent from swine finishing operations in Ireland indicated a prevalence of both C. suis and Cryptosporidium pig genotype II (39). Hamnes et al. (11) reported prevalence of both C. suis and Cryptosporidium pig genotype II in feces of suckling pigs across Norway and thus implicated farrowing operations as sources of this parasite.
Other than the prevalence of Cryptosporidium in feces of young pigs and effluent lagoons of older pigs in finishing operations, little comprehensive data on oocyst concentrations, viability of oocysts, and distributions of Cryptosporidium species and genotypes have been reported. No systematic study of swine lagoon effluents from large-scale facilities has been reported for the four separate stages of swine development, (i) breeding and gestation, (ii) farrowing (parturition), (iii) nursery (in which weaned piglets are kept until 8 to 9 weeks of age), and (iv) finishing (in which 8-to 9-week-old pigs are kept to market weight). The objective of this investigation was to determine for 1 year the frequencies, concentrations, viability statuses, and distributions of Cryptosporidium species and genotypes in lagoons associated with the four types of swine operations in the Southern Piedmont and in coastal plain watersheds of Georgia.
MATERIALS AND METHODS
Sampling sites. Ten swine lagoons were sampled. Seven lagoons were located in the Southern Piedmont and three were located in the coastal plain of Georgia. Three lagoons were on farrowing operations, four were on finishing operations, one was on a nursery operation, one was on a gestation operation, and one was on a lagoon that received effluent from a farrowing and nursery operation (designated Far/Nur). Each lagoon was sampled once a month from June 2007 to May 2008.
Lagoon sampling protocol. The sampling protocol that was developed considered all safety aspects. Since small boats were launched on lagoons to take samples, all personnel were trained in small boat safety. Three 1-liter surface samples were taken at three different designated locations across each lagoon, one of which was taken near the effluent source pipe. The samples were contained in one-liter Nalgene bottles. Samples were stored on ice while in transit to the laboratory.
The percentage of solids in each lagoon effluent was determined. Ten-to 50-ml subsamples were filtered through tared Whatman no. 2 filter paper. The filter papers were then weighed before and after drying in an oven at 105°C for 24 h. Percentages of solids were determined by dividing the difference between the weight of the dried filter and the tared filter weight by the volume of sample filtered. After subsampling for percentages of solids, the samples were sent on ice by Federal Express overnight to Cornell University for oocyst extraction and further analysis as depicted in Fig. 1 . Enumerations and viability assays were performed at the ARS laboratory in Georgia, and BLAST analyses and sequence determinations were performed at Cornell University.
Sample preparation. Of the three effluent samples collected from each of the 10 lagoons, 900 ml of each was filtered through U.S. sieves (no. 200 and 500, with pore sizes of 75 and 25 m, respectively; Seedburo Equipment Company), and the filtrate was collected in five 250-ml conical tubes. These tubes were centrifuged at 1,500 ϫ g for 10 min. The supernatant was gently vacuumed off, and the pellets were combined. The centrifugation, vacuuming, and combining of pellets continued until the total volume fit into a 50-ml tube. The 50-ml tube was centrifuged at 1,500 ϫ g for 10 min. The resulting pellet was Ͻ10 ml. Particularly dense lagoon samples were first floated with 1.3-specific gravity (sp. gr.) sugar before filtration in 50-ml centrifuge tubes and centrifuged at 1,000 ϫ g for 15 min. The top 15 ml was collected and poured over U.S. sieves no. 200 and 500. The resulting filtrate was processed as stated above for less-dense samples.
To further purify any Cryptosporidium oocysts present in the sieved and centrifuged processed pellet, the pellet was placed on a discontinuous sugar gradient of 1.05, 1.08, and 1.10 sp. gr. and concentrated by ultracentrifugation (55,000 ϫ g) in a swinging-bucket rotor for 15 min at 8°C. Oocysts were extracted in and just above the 1.08-sp. gr. layer. After the oocysts were extracted, deionized water was added to bring the volume to three times the extracted volume to reduce the specific gravity to 1.0. This tube was centrifuged at 1,500 ϫ g for 10 min and the supernatant discarded by vacuuming. The pellet was washed into a smaller centrifuge tube. The centrifugation, vacuuming, and placing into a smaller centrifuge tube continued until the total volume was reduced to 1 ml. This 1-ml suspension was divided in half; one half was used for enumeration and viability assessment, and the other was used for genotyping.
Dye exclusion/vital stain assay. The details of this assay have been described previously (1, 3, 14) . Briefly, 10 l of 4Ј,6-diamidino-2-phenylindole (DAPI; 2 mg ml Ϫ1 in methanol) and 10 l of propidium iodide (PI; 1 mg ml Ϫ1 in 0.1ϫ phosphate-buffered saline, pH 7.2) were added to a 100-l suspension of extracted oocysts in a 1.5-ml microcentrifuge tube. After incubation of the suspension in the dark at room temperature for 1 h, 10 l of Merifluor fluorescent antibody (Meridian Bioscience Inc., Cincinnati, OH) was added and mixed, and the suspension was incubated in the dark at room temperature for 0.5 h (1, 14) . Similar to the result reported by Anguish and Ghiorse (1), oocysts were initially identified with the fluorescent antibody. Further details of its applicability as an indicator of viability or potential for animal infectivity and thus the capability of reproduction under appropriate conditions have been previously discussed (27) . As explained in the reply to Robertson et al. (27) , to assay the viability of oocysts extracted from an environmental matrix, such as soil, the dye permeability assay is treated explicitly as an indirect assessment of potential infectivity. As such, this dye permeability method (14) was adapted to the U.S. EPA's method 1622 in a study assessing viability of oocysts extracted from surface waters (31) . All phases of dye permeability and impermeability have been illustrated in color micrographs (1) and exemplified in images of nonviable oocysts extracted from lagoon effluent (Fig. 2) . Viable oocysts were the sum of DAPI-negative (DAPI 
where N is the mean cell count, A c is the area under the coverslip, A f is the area of the microscopic field of view, V u is the volume of sample under the coverslip, V c is the volume of final oocyst concentrate, and V s is the volume of effluent from which the oocysts were concentrated).
Genotyping. From the sample preparation, a 0.5-ml portion was used for genotyping as published by Xiao et al. (36, 38) . In brief, the genotyping procedure consisted of immunomagnetic separation (Dynabeads anti-Cryptosporidium kit; Invitrogen Dynal), with the resulting bead-oocyst complex being used directly in the DNA extraction procedure (QIAamp DNA minikit; Qiagen). Several volumes of DNA, 1, 3, 4, and 6 l, were used in the PCR. Primers used in the analysis are as delineated by Xiao et al. (36) . Positive PCR products were identified by electrophoresis on a 2% agarose gel. In the interest of time, a limited number of positive PCR products were used for the restriction fragment length polymorphism (RFLP) protocol. Instead, all amplified PCR products, including those that were identified by RFLP, were sequenced (Applied Biosystems automated 3730xl DNA analyzer; Biotechnology Resource Center, Cornell University). The resulting sequences were analyzed using the Basic Local Alignment Search Tool (National Center for Biotechnology Information).
Data analysis. Because data like those for the raw oocyst counts have been shown to fit a Poisson distribution (16) , the count data were transformed for statistical analysis with the equation XЈ ϭ (X ϩ 0.5) 1/2 (43) and transformed means were determined. The transformed means were then back transformed into numbers of oocysts ml Ϫ1 of effluent for presentation. To make the data behave as if they were normally distributed, these oocyst densities were transformed into natural log numbers to conduct an analysis of variance with lagoons as fixed effects and replicate samples as a random effect in analysis of variance while comparing means for significant differences (at a P value of Յ0.05) with Proc Mixed, version 9.2 (30). Significant differences were assigned to tests of transformed means, which are presented in untransformed units of concentration. Analysis of variance was also conducted on the data for percent solids with Proc Mixed (30) . Regression relationships between concentrations of total oocysts, viable oocysts, and percent solids from lagoon effluent were analyzed with Proc Reg (30) . A chi-square analysis was also performed on the frequency distribution of observed Cryptosporidium genotypes with Proc Freq (30) , and the logistic regression procedure of SAS (30) was performed on normalized (frequency of genotype/total number of genotypes per lagoon) frequency data.
RESULTS
Concentration and viability assessment. Cryptosporidium oocysts were recovered from every lagoon and on each sampling date. Mean oocyst concentrations ranged between 11.0 and 215.7 ml Ϫ1 of lagoon effluent for finishing facilities, between 11.0 and 210.8 ml Ϫ1 lagoon effluent for the farrowing facilities, between 11.0 and 354.1 ml Ϫ1 for the nursery facilities, and between 11.0 and 126.8 ml Ϫ1 lagoon effluent for the one gestation facility sampled. The annual mean concentration of oocysts over the 12 months of sampling by the lagoon indicated that the nursery had a greater concentration of oocysts than three of the finishing facilities, one farrowing facility, and the gestation facility (Fig. 3A) . The annual mean concentration of viable oocysts in lagoon effluent was greater at the nursery than at the lagoons of the other facilities (Fig. 3B) . Of the mean total annual oocysts at the nursery, 24.2% were observed to be viable; the percentages of viable oocysts among mean annual total oocysts for the other swine facilities ranged between 2.4 and 4.4%. Regression analysis indicated no correlation between total oocyst concentrations and viable oocyst concentrations. The annual mean percentage of lagoon effluent solids was significantly greater for the lagoon receiving effluent from the gestation facility than the other lagoons; differences in annual mean percentages of solids between the other lagoons were not observed (data not shown). Regression analysis indicated no correlation between percentages of solids and total oocyst concentrations. 
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Distribution of species and genotypes. Nine species and genotypes of Cryptosporidium oocysts were observed in the effluent of the 10 lagoons sampled over the 12-month sampling period: C. suis, Cryptosporidium pig genotype II, C. muris, C. parvum rat genotypes, C. parvum mouse genotypes, C. parvum bovine genotypes, Cryptosporidium meleagridis, Cryptosporidium felis, and one unknown C. parvum genotype. Genetic analysis indicated that C. suis and pig genotype II (Fig. 4) were observed in nearly all of the lagoons. The distributions of Cryptosporidium oocyst species and genotypes (Table 1) were dominated (73.9%) by C. suis, which was observed in every lagoon except for the lagoon at the gestation facility. Cryptosporidium pig genotype II was observed in lagoons of eight of the 10 facilities; C. muris was dominant in the lagoon of the gestation facility and was observed in one finishing facility and one farrowing facility lagoon, as well as in the lagoon receiving effluent from both a nursery and farrowing facility. Of the less frequently observed species and genotypes of Cryptosporidium oocysts, the C. parvum rat genotype (GenBank accession number FJ205699) was observed eight times, C. parvum mouse genotypes (GenBank accession numbers AF112571, AF108863, and EU553589) were observed seven times, a C. parvum bovine genotype (GenBank accession number AF308600) was observed two times, and C. meleagridis (GenBank accession number AF112574) was observed once over the 12 sampling times at the farrowing facility designated Far1. Two C. parvum bovine genotypes (GenBank accession numbers DQ656354 and AF308600) were observed in the lagoon of the farrowing facility designated Far2. An unknown C. parvum genotype (GenBank accession number EF489037) (45) was observed in the nursery lagoon, and a C. parvum bovine genotype (GenBank accession number AF308600) was observed in the lagoon receiving effluent from both a nursery and farrowing facility. Cryptosporidium felis was observed once in the lagoon effluent of the gestation facility. The viability status was unknown for the oocysts from which the DNA was extracted for genetic analysis.
For the purpose of performing a chi-square analysis, all of the less frequently observed genotypes of C. parvum, Cryptosporidium meleagridis, and Cryptosporidium felis and the one unknown C. parvum genotype were considered other genotypes ( Table 1 ). The chi-square analysis (Table 2) indicated that the observations were not similarly distributed across the 10 swine operations (P Ͻ 0.0001). When the facilities were analyzed by production type (finishing, farrowing, nursery, and gestation), the distributions of the species and genotypes of Cryptosporidium oocysts were still not similar among the facility types (P Ͻ 0.001) and were likely skewed by there being only one gestation facility in which no C. suis was observed. When the chi-square analysis was run with C. suis and the other species and genotypes were truncated into a single set, the distributions were still not similar among production facilities (P Ͻ 0.0001). If data for the gestation facility and farrowing facility Far1 were removed from the data set, there was still Table  1͔ ) across the 10 locations and by type of facility (FacType).
b Analysis of the distribution of C. suis and all other species and genotypes across locations.
c Analysis of the distribution of C. suis and all other species and genotypes across facilities.
d Analysis of the distribution of C. suis and other species and genotypes across locations with Far1 and the gestation facility (Gest) removed.
e Analysis of the distribution of C. suis and other species and genotypes across facilities with only Gest removed.
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significant variation among the remaining eight operations when testing for the proportion of C. suis in positive samples (P Ͻ 0.0001). However, when the facility types excluding the gestation facility were analyzed, no significant variation in the proportions of C. suis was observed (P ϭ 0.9653).
Results of a logistic regression analysis (Table 3) indicated that the odds of observing C. suis in the lagoon effluent of the swine facilities sampled would be 71.6 times greater than the odds of observing C. parvum genotypes. Although not statistically significant, the odds of observing Cryptosporidium pig genotype II would be 2.4 times the odds of observing C. parvum genotypes; the odds of observing C. muris would be 0.8 times the odds of observing C. parvum genotypes.
DISCUSSION
Viability assessment and distribution of Cryptosporidium genotypes. Cryptosporidium oocysts were detected and quantified in all the effluent lagoons on each sampling occasion. In contrast to our results, previous prevalence studies on the distribution of Cryptosporidium oocysts in swine effluent lagoons have reported observation frequencies less than 100%. Reinoso and Becares (26) (39) may be attributed to differences in sampling scheme, sample size, and methods of oocyst extraction and detection. The concentrations that we have reported (Fig. 3) are in the ranges that Reinoso et al. (26) and Hutchison et al. (13) reported, 16 to 233 and 140 to 310 oocysts ml Ϫ1 effluent, respectively. Assessment of viability was not reported in any of these previous studies.
Our observation that the nursery operation, which has two houses and a 0.3-ha lagoon, compared to the finishing operations with four houses and 0.6-ha lagoons, had the greatest concentration of oocysts is in agreement with the observation of Vitovec et al. (34) . They reported that the greatest prevalence of Cryptosporidium oocysts in porcine fecal samples was associated with postweaning piglets between 6 and 8 weeks old.
The greatest proportion of viable oocysts was also associated with the nursery operation (Fig. 3) . The nursery's greater frequency of viable oocysts may be attributable to the greater influx and load of oocysts in the effluent lagoon. However, the observation that the viability assessment for the lagoon receiving effluent from a farrowing and nursery operation was not different from those of the other lagoons implies that our observation of the elevated oocyst viability at the nursery operation may be anomalous. Apart from the nursery operation we sampled, the mean concentration of viable oocysts in the other lagoons was less than 10% of the mean total. Our results indicate that there appears to be a continuous input of oocysts into the lagoons from their respective housing facilities. Based on infection prevalences of 16, 31, and 100% in sows, piglets, and postweaning piglets (20) , respectively, we can infer that the apparent inflow of oocysts into the lagoon indicates that some of the pigs in the houses were shedding oocysts in their feces at any given time. The apparent die-off of oocysts may, in part, be attributed to known ammonia emissions from lagoons (12) and deleterious effects of ammonia on oocyst viability (15) .
Our determination of the mean concentration of oocysts between 25,000 and 500,000 oocysts dm Ϫ3 is indicative of their persistence in effluent lagoons for all four types of swine operations and expands on the observations of Xiao et al. (39) that oocysts of unknown viability appeared to persist in swine effluent from finishing operations in Ireland. We observed that a small fraction of the oocysts appeared to be viable and potentially infective. Thus, an application of swine effluent to spray fields would include a load of potentially infective Cryptosporidium oocysts. Given that 500 m 3 of swine effluent may be applied to a spray field as a source of N for plant growth (32) and given that the concentration range of viable oocysts for any of the lagoons in our study was between 1,000 and 12,000 dm Ϫ3 , the load of viable oocysts applied to a spray field could range between 5 ϫ 10 8 and 6 ϫ 10 9 viable oocysts. The distribution of Cryptosporidium oocysts among the lagoons of the swine facilities sampled indicated that the frequency of observing C. suis would be significantly greater than that for C. parvum genotypes, at a ratio of Ͼ10:1. Combining C. suis and Cryptosporidium pig genotype II further increases the ratio of swine-adapted genotypes to C. parvum genotypes. Whereas Langkjaer et al. (19) reported that pig genotype II was most prevalent for weaners, we observed that C. suis dominated the nursery lagoon. Except in the gestation facility, the ratio of C. suis to Cryptosporidium pig genotype II favored the former and ranged from 20:1 to 7:4. The yearlong sampling of the lagoon receiving effluent from the gestation facility proved to be anomalous: 90% of the samples were identified as C. muris, no C. suis was observed, a small percentage of Cryptosporidium pig genotype II was identified, and C. felis was observed once. Cryptosporidium felis has been known to infect cows and both immunocompromised and immunocompetent humans (7) . Because this observation of C. felis was associated with an effluent lagoon (which could average a volume of 20,000 m 3 ) into which fecal waste from gestating sows was collected, its presence appears to implicate swine as a source, which would be, to the best of our knowledge, a first.
The observation of the C. parvum rat genotype at farrowing facility Far1 may be a first for swine facilities in the United States. This C. parvum rat genotype matched one that Feng et (36) . In addition to C. muris being observed in the lagoon at Far1, several isolates of a C. parvum mouse genotype that matched those identified in three different studies were observed (23, 25, 36) . The source of this genotype was likely a population of mice inhabiting the operation. An unknown "other" Cryptosporidium genotype observed at the nursery matched an isolate observed in Ireland (45) and suggests an isolate with a continental distribution.
Our observations over the yearlong period of sampling the lagoons of the 10 swine facilities support previous observations that pigs can be infected with C. suis, Cryptosporidium pig genotype II, and C. parvum (29) as well as C. muris (39, 45) . We emphasize that the percentages of C. parvum genotypes observed ranged from 0 to 2% except for that at farrowing facility Far1. This observation is similar to the prevalence study that Zintl et al. (45) reported. The low frequency of C. parvum genotypes that we observed also supports the prevalence study that Johnson et al. (17) reported, in which they maintained that domestic pigs do not appear to pose a significant public health risk.
Because the morphologies of C. suis and C. parvum oocysts are indistinguishable (29) , observations by microscopy of these oocysts in swine feces and lagoon effluent may have been assumed to be C. parvum. The reports in the literature that pigs and lagoons of swine facilities may be a significant source of C. parvum (2, 9, 13, 24) may actually refer to C. suis. The weaner pigs infected with the C. parvum pig genotype that Guselle et al. (10) reported were likely infected by C. suis, as Ryan et al. (29) later described. As Zintl et al. (45) observed, mixed infections in pigs can be common, and our data support this view. Cryptosporidium suis is, however, likely to be the dominant genotype, and the frequency of observing C. parvum genotypes in pigs has been low (42) . Based on recent studies, the zoonotic potential of C. suis is not great. Most human cases of cryptosporidiosis in the United States and worldwide (over 90%) are associated with C. hominis and C. parvum. A smaller proportion of cases have been associated with C. meleagridis, C. felis, and C. canis (40, 41) . Although C. suis and C. suis-like organisms have been associated with sporadic cases of cryptosporidiosis, these reports number in the single digits (35, 40) . Cryptosporidium suis appears not to be an important cause of zoonotic disease in humans; however, immunocompromised individuals, known to be at greater risk of infection with Cryptosporidium spp., should take special precautions to prevent exposure to these parasites.
